It has become increasingly apparent that many gene-deficient and transgenic mice have a unique population of memory-like CD8 + T cells in the thymus 1 . These cells have also been referred to as 'innate CD8 + T cells' because they act like memory T cells and rapidly produce interferon-γ (IFN-γ), yet antigen recognition is not required for their differentiation 2 . Studies of the differentiation mechanism have revealed a common pathway whereby various genetic alterations all lead to increased numbers of αβ or γδ natural killer T cells (NKT cells) that express the transcription factor PLZF [3] [4] [5] [6] . In all such models, interleukin 4 (IL-4), presumably produced by invariant NKT cells (iNKT cells) in the steady state, is required for CD8 + T cells to express Eomes (which encodes the transcription factor eomesodermin (Eomes)) and adopt the characteristic features of memory CD8 + T cells. Notably, not only those gene-deficient mice but also wildtype BALB/c mice have a distinct population of memory-like CD8 + T cells that are dependent on iNKT cells and 7) . Even C57BL/6 (B6) mice have defined (although much smaller) populations of memory-like CD8 + T cells 8 . These data all indicate that iNKT cells must have been activated to produce IL-4 continuously or at some point in their development.
It has become increasingly apparent that many gene-deficient and transgenic mice have a unique population of memory-like CD8 + T cells in the thymus 1 . These cells have also been referred to as 'innate CD8 + T cells' because they act like memory T cells and rapidly produce interferon-γ (IFN-γ), yet antigen recognition is not required for their differentiation 2 . Studies of the differentiation mechanism have revealed a common pathway whereby various genetic alterations all lead to increased numbers of αβ or γδ natural killer T cells (NKT cells) that express the transcription factor PLZF [3] [4] [5] [6] . In all such models, interleukin 4 (IL-4), presumably produced by invariant NKT cells (iNKT cells) in the steady state, is required for CD8 + T cells to express Eomes (which encodes the transcription factor eomesodermin (Eomes)) and adopt the characteristic features of memory CD8 + T cells. Notably, not only those gene-deficient mice but also wildtype BALB/c mice have a distinct population of memory-like CD8 + T cells that are dependent on iNKT cells and IL- 4 (refs. 3,7) . Even C57BL/6 (B6) mice have defined (although much smaller) populations of memory-like CD8 + T cells 8 . These data all indicate that iNKT cells must have been activated to produce IL-4 continuously or at some point in their development.
In this study, we sought to identify the iNKT cells that produce IL-4 and give rise to memory-like CD8 + T cells. Our data support a newly proposed classification of iNKT cells into NKT1, NKT2 and NKT17 lineages according to their function and transcription-factor expression 9 , analogous to CD4 + helper T cells. In several strains of mice, precursors of iNKT cells efficiently differentiated into NKT2 cells and had abundant secretion of IL-4 in the steady state. That IL-4 not only conditioned bystander CD8 + T cells to become memory-like cells but also stimulated thymic dendritic cells (DCs) to secrete the chemokines CCL17 and CCL22 and stimulated peripheral B cells to produce immunoglobulin E (IgE).
RESULTS

IL-4 secretion by BALB/c iNKT cells in the steady state
The thymus of young BALB/c mice contains three to five times more iNKT cells than that of B6 mice, and these cells are hypothesized to secrete IL-4, which conditions bystander CD8 + single-positive (SP) thymocytes to become memory-like CD8 + T cells 3 . On the basis of that finding, we sought to further investigate the subset of iNKT cells that secrete IL-4 in the steady state. For this purpose, we used KN2 mice, in which the first two exons of the endogenous Il4 gene are replaced with sequence encoding human CD2 and expression of human CD2 on the cell surface reports IL-4 secretion in vivo 10 . We used heterozygous mice with one wild-type allele and that marker on the other allele (so that IL-4 expression is maintained) in this study. We found that up to 40% of thymic iNKT cells from KN2 mice of the BALB/c strain (BALB/c-KN2 mice) expressed human CD2 on the cell surface, whereas iNKT cells from KN2 mice of the B6 strain (B6-KN2 mice) were largely negative for human CD2 (Fig. 1a) , consistent with a published report 11 . Young BALB/c-KN2 mice had over tenfold more human CD2-positive cells in the thymus than did B6-KN2 mice (Fig. 1b) . Peripheral iNKT cells also expressed human CD2 in BALB/c-KN2 mice, although not as abundantly as the thymus did (Fig. 1a) . In contrast, hardly any conventional CD4 + SP cells were positive for human A r t i c l e s CD2, either in the thymus (Fig. 1a) or periphery (data not shown) of either strain. These results indicated that iNKT cells were a major source of IL-4 in vivo in the steady state. As shown before 3 , this greater abundance of IL-4 correlated with a greater frequency and number of Eomes + memory-like CD8 + T cells in BALB/c mice (Fig. 1c) .
Three transcription factors distinguish NKT cell subsets
To further characterize the IL-4-producing iNKT cells in BALB/c mice, we compared the developmental profiles of thymic iNKT cells in B6 and BALB/c mice. In the standard iNKT cell classification, expression of a combination of the markers CD24 (HSA), CD44 and NK1.1 is used to distinguish iNKT cells as stage 0, 1, 2 and 3 (ref. 12). However, NK1.1, which has been considered a marker of the terminal maturation of iNKT cells, is not expressed in BALB/c mice and does not correlate with functional capacity 13 . Therefore, instead of staining surface markers, we used intracellular staining of transcription factors, which are recognized equivalently in different mouse strains and are more closely linked to function. PLZF is a factor essential for the development and innate function of iNKT cells 14, 15 , and T-bet, GATA-3 and RORγt are transcription factors that regulate the differentiation of conventional CD4 + T cells into the T H 1, T H 2 and T H 17 lineages of helper T cells, respectively 16 . The combination of PLZF, T-bet and RORγt separated iNKT cells into three distinctive subsets and, analogous to the helper T cell lineage nomenclature, we designated these 'NKT1 cells' , 'NKT2 cells' and 'NKT17 cells' , respectively ( Fig. 2a and Supplementary Fig. 1a-d) . T H 2 cell-specific transcription factors, including GATA-3 and IRF4, had high expression in both NKT2 cells and NKT17 cells (Supplementary Fig. 1a ). NKT1 cells had abundant expression of T-bet and low expression of GATA-3, consistent with a published report showing that all T cells, including T H 1 cells and iNKT cells, have variably low expression of GATA-3 (ref. 17 ). This classification roughly correlated with the conventional staging system in B6 mice, as NKT1 cells were predominantly stage 3 and NKT2 cells were stages 1 and 2 ( Fig. 2b) , although NKT17 cells cannot be distinguished from NKT2 cells by the conventional classification.
That method of defining iNKT cell subsets correlated precisely with cytokine production: thymic NKT1, NKT2 and NKT17 cells produced IFN-γ, IL-4 and IL-17, respectively (Fig. 2c) , when stimulated with the phorbol ester PMA and ionomycin. NKT2 cells were abundant in BALB/c mice, whereas NKT1 cells were predominant in B6 mice (Fig. 2d) . Numerically, 7-to 8-week-old BALB/c mice produced 7.5 times more NKT2 cells and 9 times more NKT17 cells than did B6 mice (Fig. 2d) . However, the absolute number of NKT1 cells was not significantly different in these two strains (Fig. 2d) . We similarly identified peripheral iNKT cells by this transcription factor-staining profile (Supplementary Fig. 2a) . As in the thymus, NKT2 cells were predominant in the spleen of BALB/c mice, whereas NKT1 cells were predominant in B6 mice ( Supplementary Fig. 2a,b) . Liver iNKT cells were mostly NKT1 in both strains. NKT2 cells produced IL-4, but not IFN-γ, after strong agonistic stimulation in vivo with the synthetic lipid α-galactosylceramide, while peripheral NKT1 cells secreted IFN-γ and also IL-4 (albeit a low amount per cell; Supplementary Fig. 2c) .
We also investigated other surface markers that can be used to discriminate these subsets. We found that CD122 (and NK1.1 in B6 mice) were reasonable markers of NKT1 cells in the thymus and, in the CD122 − NK1.1 − population, CD4 and CD27 could be used to differentiate NKT2 cells and NKT17 cells, as NKT2 cells expressed CD4 and CD27 but NKT17 cells had lower expression of both (Supplementary Fig. 1b) . Thus, a combination of CD122 (or NK1.1 in B6 mice) together with CD4 or CD27 can be used to distinguish thymic iNKT cells, consistent with their transcription-factor profile. IL-17RB has been described as a surface marker that can be used (Supplementary Fig. 1d ). However, NKT17 cells were IL-17RB + CD4 − in B6 mice but IL-17RB − CD4 − in BALB/c mice ( Supplementary Fig. 1d ). We have summarized the phenotypic and functional properties of iNKT cell subsets ( Table 1) . 19, 20 . However, published work suggests that the fraction of NK1.1 − cells that express IL-17RB do not give rise to NK1.1 + cells 18 . We investigated expression of IL-17RB in BALB/c-KN2 and B6-KN2 mice and found that expression of human CD2 was confined to an IL-17RB + population ( Supplementary Fig. 1c ), which suggested that the NKT2 cells that secreted IL-4 in the steady state were not developmental intermediates that would give rise to NKT1 cells. To more rigorously assess the precursor-progenitor relationship, we sorted human CD2-positive and human CD2-negative NKT2 cells from B6-KN2 and BALB/c-KN2 mice that also have a green fluorescent protein (GFP) reporter for T-bet 21 (T-bet-GFP), labeled them with a violet cell tracer and injected them intrathymically into congenic hosts (Fig. 3) . Four days later, a substantial fraction of human CD2-negative cells had converted into NKT1 cells that expressed T-bet-GFP in thymus and spleen, whereas human CD2-positive NKT2 cells did not. This result indicated that NKT2 cells were not precursors of NKT1 cells. Also these data showed that NK1.1 − iNKT cell populations were heterogeneous and included terminally differentiated IL-4-producing cells (human CD2-positive NKT2 cells), as well as progenitors of NKT1 cells.
NKT2 cells produce IL-4 in the steady state
To determine which NKT subset produced IL-4 in the steady state, we examined expression of human CD2 in KN2 mice directly ex vivo. We observed ex vivo expression of human CD2 exclusively in NKT2 cells (Fig. 4a) . In addition to the greater abundance of NKT2 cells in BALB/c mice than in B6 mice ( Fig. 2d) , the mean fluorescence intensity of human CD2 was higher in BALB/c NKT2 cells than in B6 NKT2 cells (Fig. 4a) . This suggested not only that did more cells with the potential to produce IL-4 exist in the steady state in BALB/c mice but also that more of them were actively producing IL-4 in vivo.
Since both NK1.1 − NKT2 and NK1.1 + NKT1 have the potential to produce IL-4 (ref. 20) (Supplementary Fig. 2c ), we sought to definitively determine if steady-state IL-4 was produced by NKT2 cells or NKT1 cells. Thus, we analyzed T-bet-deficient (Tbx21 −/− ) mice, as these mice have a substantial deficiency in NK1.1 + iNKT cells 22 . Although that report suggested that T-bet deficiency results in a lower total number of iNKT cells 22 , we did not observe a deficiency in total iNKT cells in young (6-week-old) Tbx21 −/− mice (Fig. 4b) . Instead, while Tbx21 −/− mice had significantly fewer NKT1 cells than wild-type mice had, Tbx21 −/− mice had a compensatory higher frequency and number of NKT2 and NKT17 cells (Fig. 4c) . The difference between our results and that published report 22 may be related Characteristics of the three NKT cell subsets, identified by intracellular staining for transcription factors, cytokine production, surface expression of markers, relative to that of to the conventional stage classification defined by expression of CD44 and NK1.1. to the age of the mice, as in older mice (10-14 weeks of age), the overall frequency and total number of iNKT cells was lower in Tbx21 −/− mice than in wild-type mice, due to the much lower abundance of NKT1 cells but not of NKT2 cells or NKT17 cells ( Supplementary Fig. 3a,b) . Furthermore, that result was a cell-intrinsic effect, as in mixed-bone marrow chimeras, Tbx21 −/− bone marrow cells generated more NKT2 cells and NKT17 cells and fewer NKT1 cells than did wild-type bone marrow cells regardless of donor cell frequencies ( Supplementary Fig. 3c,d ).
Collectively, these findings suggested that T-bet directed the dominance of NKT1 cells in B6 mice and that T-bet deficiency redirected cell fates to facilitate the development of NKT2 cells and NKT17 cells.
To obtain evidence of developmental exposure to IL-4, we examined CD8 + SP thymocytes. Up to 30% of CD8 + SP thymocytes in Tbx21 −/− B6 mice had abundant expression of Eomes, the hallmark of the development of IL-4-dependent memory-like CD8 + T cells (Fig. 4d and Supplementary Fig. 3e ). The source of IL-4 in T-bet-deficient mice was iNKT cells, as mice doubly deficient in T-bet and the antigen-presenting molecule CD1d did not generate any Eomes + CD8 + SP thymocytes (Supplementary Fig. 3f,g ). This analysis of T-bet-deficient mice demonstrated that steady-state IL-4 did not require NK1.1 + NKT1 cells; instead, it was enhanced by a compensatory greater abundance of NKT2 cells in such mutant mice.
Since mice deficient in the transcription factor KLF2 have a greater abundance of iNKT cells and memory-like CD8 + T cells 3 , we examined iNKT cell subsets in such mice. We found that KLF2 deficiency resulted in tenfold more NKT2 cells in B6 mice than in their wild-type B6 counterparts, but did not result in more NKT1 cells or NKT17 cells (Supplementary Fig. 4 ). KLF2-deficient mice had substantially more memory-like CD8 + T cells than did their wild-type counterparts ( Supplementary Fig. 4) , as reported before 23 ; this provided further evidence that NKT2 cells were the source of IL-4 produced in the steady state. This genetic evidence, together with the data obtained by intrathymic injection, supported a lineage-diversification model of iNKT cells in which a common progenitor gives rise to the NKT1, NKT2 and NKT17 lineages, instead of the linear conversion of IL-4-producing iNKT cells into IFN-γ-secreting cells (Supplementary Fig. 5 ).
Diversification of iNKT cell lineages in various inbred strains
Having confirmed that iNKT lineage diversification happened differently in B6 mice and BALB/c mice (Fig. 2d) , we sought to determine which pattern was representative among inbred mouse strains. We compared six different commonly used inbred strains of mice (Fig. 5) . Mice of a similar age showed variability in the frequency (Fig. 5a,b ) and number (data not shown) of total thymic iNKT cells. Using intracellular straining of transcription factors, we determined the relative proportion of NKT1, NKT2 and NKT17 cells in each. B6 mice were at one end of the spectrum, with more NKT1 cells and fewer NKT2 cells, whereas BALB/c were at the other end of the spectrum. The six strains showed a general inverse relationship in the proportion of NKT1 cells versus NKT2 cells (Fig. 5b) . Notably, three strains (CBA, DBA/2 and BALB/c) had a substantial population of memory-like CD8 + thymocytes that expressed Eomes (Fig. 5a,c) . Indeed, there was a positive correlation between strains with a high frequency of NKT2 cells and those with Eomes-expressing memorylike CD8 + thymocytes ( Fig. 5d ; R 2 = 0.49). Because IL-4 production by NKT2 cells was important for the development of memory-like CD8 + thymocytes in BALB/c mice, we sorted NKT2 cells from all strains and measured Il4 expression by RT-PCR. The abundance of IL-4 mRNA in NKT2 cells correlated even more very tightly with the number of memory-like CD8 + thymocytes in the inbred strains of mice ( Fig. 5d ; R 2 = 0.83), which suggested the applicability of a universal mechanism of IL-4-dependent induction of memory-like CD8 + thymocytes regardless of genetic background.
Stimulation of IL-4-producing NKT2 cells by self ligands
In helper T cells, IL-4 production is stimulated via the antigen receptor 16 . However, it has been shown that in various innate lymphoid cells, IL-4 can be stimulated by cytokines such as IL-25 and IL-33 (ref. 24) . To understand what type of signals were stimulating IL-4 in NKT2 cells, we studied Nur77 GFP mice, which have transgenic expression of a Nur77-GFP reporter that is driven by signaling via the antigen receptor and is independent of cytokine or inflammatory signals 25 . In these mice, expression of Nur77-GFP was rapidly upregulated in peripheral iNKT cells after injection with α-galactosylceramide or with the putative self lipids β-glucosylceramide (Fig. 6a) or isoglobotrihexosylceramide (data not shown) . Through the use of Nur77 GFP mice, we sought to compare the perception of signaling via the T cell antigen receptor (TCR) by NKT2 cells with that of other subsets, hypothesizing that a difference in the presentation of self lipid antigen might regulate IL-4 secretion in the steady state. We fully backcrossed B6 Nur77 GFP mice onto the BALB/c background (to generate BALB/c Nur77 GFP mice) and compared the GFP expression of iNKT cells in B6 mice with that of BALB/c mice. Notably, (Fig. 6b) , and NKT2 cells from BALB/c mice had higher expression of Nur77-GFP than did their B6 counterparts (Fig. 6b) , which suggested that such cells were being stimulated through the antigen receptor in vivo. We also generated BALB/c-KN2 Nur77 GFP mice, and found that their human CD2-positive NKT2 cells had higher expression of Nur77-GFP than did their human CD2-negative NKT2 cells (Fig. 6c) . Furthermore, endogenous Nur77 expression correlated well with IL-4 expression in sorted NKT2 cells from various inbred strains (Fig. 6d) , consistent with the idea that stimulation of iNKT cells through the TCR drives IL-4 production.
NKT2 cells had higher expression of Nur77-GFP than did NKT17 cells or NKT1 cells in both strains
To further determine if signaling via the antigen receptor in the steady state was important for IL-4 expression by NKT2 cells, we intrathymically transferred thymic KN2 iNKT cells into wild-type or CD1d-deficient hosts (Supplementary Fig. 6a) . Consistent with the data obtained with Nur77 GFP mice, we observed a lower mean fluorescence intensity for human CD2 on NKT2 cells (Fig. 6e) , as well as a lower frequency of human CD2-positive NKT2 cells, in CD1d-deficient hosts than in wild-type hosts 6 d after transfer (Supplementary Fig. 6a) . We also found a significantly altered frequency of cells expressing β-chain variable region 2 (V β 2) and β-chain variable region 7 (V β 7) of the TCR in the NKT2 population, relative to that of the NKT1 or NKT17 population, in both B6 mice and BALB/c mice ( Fig. 6f and Supplementary Fig. 6b ), which indicated a distinct TCR repertoire for NKT2 cells. Collectively, these results indicated an association of IL-4 production with TCR stimulation.
If self or commensal lipid ligands were driving the activation and/or differentiation of NKT2 cells in the steady state, it is possible that this might vary with age. Thus, we examined iNKT cell subsets and IL-4 production in B6 mice and BALB/c mice of various ages. At all ages, BALB/c mice produced more intrathymic iNKT cells than did B6 mice (Supplementary Fig. 7a) . Consistent with published reports 20 , B6 mice were skewed toward NKT1 cells at all ages, with the exception of very young (3-week-old) mice, which had a modest proportion (30-35%) and the development of memory-like CD8 + T cells ( Supplementary  Fig. 7c ). Although we do not know which molecular factors drive such age-dependent differences, this does suggest the potential for environmental influences on iNKT cell differentiation.
Steady-state IL-4 influences CD8 + T cells, B cells and thymic DCs
We speculated that if iNKT cells provide sufficient IL-4 for the generation of memory-like CD8 + T cells in some strains of mice, it might have other systemic effects. IL-4 stimulates B cells to secrete IgE 26 , and BALB/c mice have higher concentrations of IgE in serum than do B6 mice 27 . We confirmed that BALB/c mice had more than ten times higher concentrations of IgE in serum than did their age-matched B6 counterparts (Fig. 7a) . That difference was attenuated in CD1d-deficient BALB/c mice, which suggested that at least some of the IL-4 that stimulated B cells to secrete IgE was generated by iNKT cells. Tbx21 +/− B6 mice had significantly higher concentrations of IgE in serum than did wild-type B6 mice, which was further compatible with increased production of IL-4 by NKT2 cells.
It has also been shown that IL-4 can cause DCs to secrete the 'T H 2' chemokines CCL17 and CCL22 (ref. 28) . On the basis of that finding, we investigated the expression of CCL17 and CCL22 in thymic DCs. We purified the two main thymic DC subtypes, CD8α + and SIRPα + , and analyzed CCL17 and CCL22 by RT-PCR. Those chemokines, which were produced mainly by the SIRPα + DCs, as reported before 29 , had more abundant expression in BALB/c mice than in B6 mice (Fig. 7b) . Fig. 7b) . 
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DISCUSSION
Until recently, the NKT cell field had embraced a sequential lineage developmental model 20 in which 'developmental intermediates' produce T H 2-type cytokines and 'mature' NK1.1 + iNKT cells produce T H 1 cytokines. However, on the basis of our findings of the expression of distinct transcription factors in iNKT cell subsets, we considered an alternative 'lineage diversification' model for iNKT cells 9 , analogous to the differentiation of effector helper T cells 16 and innate lymphoid cells 30 . In support of such a model, we observed that iNKT cell subsets existed in different ratios in different inbred strains of mice, that NKT2 cells and NKT1 cells lacked a precursor-progeny relationship and that T-bet deficiency blocked the development of NKT1 cells while increasing the abundance of NKT17 cells and NKT2 cells. In a fashion complementary to T-bet deficiency, GATA-3 deficiency is reported to block differentiation of the NK1.1 − CD4 + (NKT2) cell or NK1.1 − CD4 − (NKT17) cell lineage while allowing NK1.1 + (NKT1) cells to mature 31 . Such data support a model in which the interplay of T-bet, GATA-3 and RORγt regulates the differentiation of NKT1 cells, NKT2 cells and NKT17 cells from a PLZF hi common progenitor, rather than a linear maturation process. Given the analogous model of the differentiation of helper T cells 16 , we also sought an iNKT cell subset that expressed the transcriptional repressor Bcl-6, which, together with the chemokine receptor CXCR5 and the costimulatory molecule PD-1, is a hallmark of follicular helper T cells. Cells with that phenotype have been described among peripheral iNKT cells from immunized mice 32 . However, we did not find substantial numbers of such cells in the thymus of young adult B6 mice or BALB/c mice in the steady state (data not shown).
We found here that in several strains of mice, NKT2 cells produced an IL-4-rich environment and resulted in the development of large numbers of innate CD8 + T cells, among other IL-4-mediated effects. Furthermore, our data suggested that NKT2 cells continually perceived stimulation through their TCR. Many self lipids have been proposed as endogenous ligands for iNKT cells [33] [34] [35] , and it is possible that distinct lipids could be presented by distinct thymic antigenpresenting cells. The finding that mice with an inability to produce ether lipids have a 'preferential' defect in NK1.1 + iNKT (NKT1) cells 34 supports the idea that distinct endogenous lipids influence the positive selection and differentiation of iNKT cells. We observed differences in the V β repertoire of NKT2 cells and that of NKT1 cells or NKT17 cells, which further supported the idea that distinct iNKT cell subsets may be stimulated by different TCR ligands. The relative abundance of NKT2 cells and NKT17 cells in BALB/c mice raises questions about whether skewing of NKT cell subsets is due to defective generation of NKT1 cells or enhanced generation of NKT2 cells and NKT17 cells. The absolute number of NKT1 cells in the thymus was not different in B6 mice versus BALB/c mice, whereas the number of NKT2 cells and NKT17 cells was higher in BALB/c mice, which suggested that it may be the NKT2 and NKT17 lineages that are regulated differently in BALB/c mice versus B6 mice. BALB/c mice that lack the transcription factor KLF13 do not have memorylike CD8 + T cells 7 . That suggests that KLF13 may be important for the differentiation of NKT2 cells. Nonetheless, the amount of KLF13 itself does not differ in B6 mice versus BALB/c mice 7 , so the contributing genetic differences of these two strains remain undefined. Among six different inbred strains, we generally observed a reciprocal relationship between NKT1 cells and NKT2 cells, but not necessarily between NKT1 and NKT17 cells. Notably, B6 mice were much more highly 'NKT1 cell skewed' than were other strains. As NK1.1 was expressed only on NKT1 cells, NK1.1 expression identified a substantial fraction of iNKT cells in B6 mice, but this was not the case in other inbred strains.
Our studies also identified a substantial age dependence for the skewing of iNKT cell subsets, with B6 mice having 35% NKT2 cells at 3 weeks of age, which dropped to less than 5% by adulthood, while BALB/c mice had up to 50% NKT2 cells, which also dropped to less than 5%, but not until 18 weeks of age. We do not understand the factors that caused this. One possibility, suggested by a published study, relates to Lin28b, which regulates the Let7 family of microRNAs and directs fetal-like lymphopoiesis 37 . While we found modestly prolonged expression of Lin28b in the thymus of neonatal BALB/c mice relative to its expression in that of B6 mice (data not shown), BALB/c chimeras generated with fetal precursor cells with high expression of Lin28b generated approximately the same ratio of NKT1, NKT2 and NKT17 lineages as did chimeras generated with adult precursor cells with low expression of Lin28b (data not shown), which ruled out the possibility that NKT cell subsets were skewed by intrinsic differences in fetal and adult progenitor cells. Another possibility is that the thymic microenvironment of BALB/c mice supports the differentiation of precursors of iNKT cells into the NKT2 and NKT17 lineages, possibly owing to differences in lipid antigen, the expression of signaling lymphocytic-activation molecule on antigen-presenting cells or the production of inductive cytokines; some of these factors may differ with age.
B6 mice and BALB/c mice are the prototypes of strains with dominating T H 1 responses and T H 2 responses, respectively. In a mouse model of human asthma, ovalbumin-specific T H 2 responses induce airway hyper-responsiveness and lung inflammation in BALB/c mice 38 . As T-bet-deficient B6 mice become susceptible to the induction of airway hyper-responsiveness 39 and BALB/c mice with a dominantnegative form of GATA-3 are resistant to such induction 40 , it has been suggested that the T H 2 skewing of conventional CD4 + T cells is responsible for the strain specificity of disease induction. However, CD1d-deficient BALB/c mice are resistant to asthma induction 41 , and deficiency in T-bet or GATA-3 facilitates the development of NKT2 cells or NKT1 cells, respectively 31 (as reported here). Moreover, T-bet-deficient BALB/c mice still require iNKT cells for the induction of airway hyper-responsiveness 42 . Therefore, NKT2 cells may have a role in the strain differences of mouse models of asthma.
iNKT cells influence the outcome of pathogenic infection in various ways. They can recognize pathogens both directly and indirectly, and the cytokines they produce can subsequently skew adaptive immune responses 43 . Some evidence suggests that iNKT cells can secrete IL-4 to enhance CD8 + T cell responses. In a model of infection with respiratory syncytial virus, iNKT cells have been shown to activate virusspecific CD8 + T cells and CD1d-deficient BALB/c mice have been shown to develop a less-severe response at the expense of delayed viral clearance 44 . In a model of malarial infection, BALB/c mice have been shown to be more resistant than B6 mice, with the protective response dependent on receptors for IL-4 on CD8 + T cells 45 . Furthermore, IL-4-deficient or CD1d-deficient BALB/c mice are more susceptible to parasite infection and develop severe pathology 46 . Such findings suggest that iNKT cells provide IL-4 required for proper activation of CD8 + T cells after infection with malarial parasites. However, it is not clear whether IL-4 and iNKT cells act during the infection or developmentally (i.e., by inducing Eomes + memory-like CD8 + T cells). More sophisticated experimental systems are needed to properly address these issues.
In this report, we have provided a new transcription factor-based classification of iNKT cells that may be useful in various strains of mice and that correlates closely with function. We suggest that our lineage-diversification model, while possibly oversimplified, is more appropriate for understanding iNKT cell biology than is a linearstages model. Unexpectedly, B6 mice showed one extreme of iNKT cell development, with NKT1 cells dominating. We found that NKT2 cells dominated in many other inbred strains of mice, and the consequence of this was greater basal production of IL-4, with broad effects on immune-response potential.
METHODS
Methods and any associated references are available in the online version of the paper. 
